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Introduction
Exposure to ionising radiation induces alterations in redox-sensitive metabolic processes, apoptosis, mutagenesis and carcinogenesis through very complex phenomena involving damage and repair of DNA as well as damage to other cellular components. Damage to DNA is considered as the critical event in the destructive effect of ionising radiation and therefore the type of DNA lesions, their distribution and their repair is largely studied [1] . However, DNA accomplishes its biological function by interacting with other cellular components, mainly proteins involved in replication, transcription, the regulation of gene expression, chromatin remodelling and epigenetic control. The physical integrity of DNA is maintained by interaction with structural proteins as well as repair proteins capable of reversing stress or metabolism-driven oxidative DNA lesions. DNA-binding proteins protect DNA from attack by the products of water radiolysis, particularly from the most aggressive one, the oxidising hydroxyl radical (OH . or OH radical). However, by interacting with the radicals, the proteins themselves get damaged to the point of losing function when exposed to doses of radiation higher than a system-dependent threshold. Protein damage has the potential to disrupt the function of DNA-protein complexes, leading to dramatic cellular effects. Moreover, the cell is endowed with DNA repair mechanisms, whereas there are far fewer opportunities for remediation for damaged proteins.
Radiation-induced damage to proteins has been the object of far fewer studies than DNA damage until now. Moreover, the OH radical is also one of the main ROS (reactive oxygen species) produced in cells upon oxidative stress. Protein oxidation induced by oxidative stress is known to be involved in aging, neurodegenerative processes and cardiovascular diseases [2] . Resistance to oxidation is a sought-after property for therapeutic proteins [3] . The similarities between protein oxidation induced by radiation and by oxidative stress broadens the scope of protein damage studies, especially in light of the discovery of a growing number of epigenetic effects.
Protein exposure to ionising radiations induces modifications of the side-chains of amino acids and peptide chain breaks. Many of these lesions and their mechanisms of formation have been identified [4, 5] . The amino acids with the highest reactivity toward OH radicals are cysteine, tryptophan, tyrosine, methionine and phenylalanine [6] [7] [8] . In a protein, the reactivity of amino acids is modulated by the accessibility of the residues to the OH radical.
We have built a model of simulation of the radiolytic attack (RADACK) which takes into account both the chemical reactivity of each amino acid toward the diffusing OH radicals and the accessibility of the reactive sites [9] [10] [11] . RADACK can be used to calculate the probability of reaction of each residue with OH radical for proteins with known three-dimensional structure as determined by NMR or crystallography.
We have previously reported the radiation-induced dysfunction of several DNA-protein complexes: the Escherichia coli (E. coli) lactose operator-repressor complex, the complex between MC1, a DNA structuring protein of the archaebacterium Methanosarcina thermophila and its specific DNA sequence, as well as the complex between a DNA bearing an analogue of an abasic site and the repair protein Fpg of Lactococcus lactis. When irradiated with γ rays, the three studied complexes are disrupted mainly due to protein damage. The irradiation of the free proteins induces the loss of their ability to bind DNA at even lower doses than those necessary to the disruption of the irradiated complexes due to the protection of the proteins by the bound DNA [10, [12] [13] [14] .
After investigating the damage to DNA upon the irradiation of the E. coli lactose operator-repressor complex [15, 16] , we focus here on the damage of the protein.
The E. coli lactose repressor is a homotetrameric protein (monomer of 360 amino acids) organised in two dimers. It contains the following domains : the tetrameric core (formed by the C-terminal regions of the four monomers and containing amino acids 59-360) and four headpieces (each one being the N-terminal region of the monomer and containing amino acids 1-49) linked to the core by a hinge which is unfolded in the free state (amino acids 50-58).
The headpiece contains three α helices (residues Leu6-Ala13, Tyr17-Val24, and Ala32-Leu45) linked by loops. The first two helices form, together with their connecting loop, the helix-turn-helix (HTH) motif which directly interacts with the major groove of operator DNA.
The second helix is called the recognition helix [17] [18] [19] . Both headpiece domains of a dimer can bind one operator DNA, and in this case the hinge becomes structured [20] [21] [22] . It should be noted that the headpiece does not contain any cysteine, tryptophan, or phenylalanine residues.
Using a phenomenological model accounting for our experimental results, we have previously shown that a repressor ceases to bind DNA when both its dimers are inactivated by irradiation. Further, each dimer is inactivated when at least one monomer is inactivated.
Finally, one monomer is inactivated with as little as two radiation-induced damages. We have also concluded that the two critical damages may result from the oxidation of amino acids side chains, probably located in the headpieces, by OH radicals [13] .
In the present study we investigate in detail the state of an irradiated headpiece. The overall conformation and the modifications of amino acid side-chains are examined using a combination of circular dichroïsm, fluorescence spectroscopy, and mass spectrometry. The damages observed experimentally are discussed in relation with the predictions of the RADACK model.
Materials and Methods

Headpiece preparation
The DNA sequence coding for the headpiece was inserted in the pET24a(+) plasmid (Novagen) and the peptide was expressed in the BL21(DE3) overproducing strain of E. coli (Stratagene). After expression, cells were lysed by sonication in a lysis buffer (50 mM potassium phosphate buffer pH 7.5, 250 mM NaCl, 1mM EDTA, 1 mM PMSF, 5 mM mercapto-ethanol, 5% glycerol) in a ratio of 6g cell/60 ml buffer. After centrifugation (30 minutes, 12000 rpm), the supernatant was treated with ammonium sulfate and centrifuged in the same conditions. The resulting pellet was dissolved in 1 liter SP0 buffer (50 mM phosphate buffer pH 7.5, 1 mM PMSF, 5 mM mercapto-ethanol, 5% glycerol). The extract was then loaded onto a cation-exchanging sulfopropyl column (HiLoad TM 16/10 SP Sepharose TM HP, Amersham Biosciences) equilibrated in SP1 buffer (50 mM phosphate buffer pH 7.5, 100 mM NaCl, 1 mM PMSF, 5 mM mercapto-ethanol, 5% glycerol). After washing with SP1 buffer, the protein was eluted with a SP1/SP2 gradient (SP2 buffer: 50 mM tampon phosphate pH 7.5, 600 mM NaCl, 1 mM PMSF, 5 mM mercapto-ethanol , 5% glycerol). The fractions containing the headpiece were then precipitated in 75% ammonium sulfate. The protein pellet was dissolved in 4 ml AcA buffer (25 mM Hepes pH7.5, 1 M NaCl, 5 mM mercapto-ethanol, 0.1 mM PMSF, 5% glycerol) and loaded on a gel filtration column (Ultrogel® AcA 54). After elution with AcA buffer, the fractions containing the protein were precipitated by ammonium sulfate. The headpiece was finally stored at -20°C in a 1 M TrisHCl, pH 7.45, 10 mM 1,4-dithiothreitol, and 20 % glycerol buffer. Before use, headpiece aliquots were buffer-exchanged by elution on a Sephadex G-25 column. The final headpiece concentration was determined by spectrophotometric measurements, assuming that ε 280 = 4800 M -1 cm -1 .
Headpiece irradiation
Samples of headpiece solutions were contained in polypropylene micro tubes (Eppendorf 1.5 ml). The irradiated volumes were typically 10-100 µl. The tubes were immersed in an ice bath and irradiated in a 137 Cs irradiator (IBL437, CisBio International) delivering 0.6 MeV γ-rays at a dose rate of 9 Gy min -1 . For CD and fluorescence measurements the samples were irradiated directly in the spectrometer quartz cells. Dosimetry was performed using the Fricke's chemical dosimeter.
Circular dichroism
The headpiece conformation was studied by circular dichroïsm with a JASCO's J-810
dichrograph. The spectra, in the wavelength range 200-250 nm, were recorded in quartz cells of 2 mm path length. Irradiation and CD measurements were realised with samples concentration of 29 µM in a 25 mM ammonium cacodylate buffer (pH 7.25).
Fluorescence measurements
Fluorescence emission spectroscopy was used to study damage to tyrosine residues and search for dityrosine formation. Emission spectra (excitation wavelength 275 nm for tyrosine study, 320 nm for dityrosine, 5 nm bandwidth) were recorded in silica cells of 5 mm path length using a Jobin-Yvon Fluoromax 2 spectrofluorimeter (from 280 to 320 nm for tyrosine formation and from 360 to 490 nm for dityrosine formation). Irradiation and fluorescence measurements were realised at a headpiece concentration of 29 µM in a 25 mM ammonium cacodylate buffer (pH 7.25).
Theoretical calculations: RADACK model
The stochastic simulation model RADACK (9-11) was applied for the determination of the probability of each residue to react with hydroxyl radicals. The calculation is based on the structure of the headpiece determined by NMR, available in the PDB Databank with the code 1LQC (18). Smoluchovski's spheres with radius proportional to the reactivities of the amino acids were placed on the reactive hydrogen atoms of all amino acids. All non-reactive atoms are represented by Van der Waals spheres. The relative probability of reaction between freely diffusing OH radicals and the amino acids of the headpiece was determined.
Proteolytic cleavage
The side chain modifications were studied by a combination of proteolytic cleavage and mass spectrometry. Samples of headpiece protein at a final concentration of 20 µM were digested with endoproteinase GluC (Roche) in a 25 mM ammonium cacodylate buffer, 10 mM CaCl 2 , 5 mM DTT, 0.5 mM EDTA, 50 mM NaCl (pH7.6) for 150 minutes, at 37°C using an enzyme-headpiece ratio of [1:25] (w/w), and alternatively with endoproteinase ArgC (Roche) in the same buffer at 25°C and in an enzyme-headpiece ratio of [1:10] (w/w).
Mass spectrometry a) MALDI-TOF analysis
The native and irradiated headpieces were analysed by matrix assisted laser desorption ionisation -time of flight mass spectrometry (MALDI-TOF MS) without further purification.
The whole protein was first analysed to follow global patterns of irradiation damage. The headpiece was further characterised after proteolysis to identify peptides bearing radiationinduced oxidations.
The sample stage was coated using the ultra-thin layer method 
b) ESI-IT analysis
Samples of proteolysed headpiece were desalted on C 18 ZIP-TIP TM (Millipore). The resin was washed with a 50% water, 50% acetonitrile solution and equilibrated with 0.1% aqueous trifluoroacetic acid (TFA). The samples were acidified with 2% formic acid and loaded onto the resin. The resin was washed with a 5% methanol, 95% water, 0.1% TFA solution and the peptides eluted with a 30% water, 70% acetonitrile, 0.1% formic acid solution. Desalted samples were further diluted 5-fold with the same solution and analysed by electrospray ionisation -ion trap mass spectrometry (ESI-IT MS) (Esquire HCT, Bruker). The peptide mixture was analysed in MS mode with external calibration and appropriate peptide ions were selected for fragmentation with acquisition times of 6 minutes and a 2.5 Da isolation window.
MS/MS spectra were further processed using Data Analysis software from Bruker.
Results
Circular dichroïsm study of the headpiece conformation
The headpiece was irradiated in the dose range 0-2000 Gy. For each dose, the CD spectrum was recorded from 200 to 250 nm at 4°C. As shown in Figure 1 , the CD intensity decreases upon irradiation and the maximum negative intensity is displaced toward shorter
wavelengths. An isodichroïc point is observed at 204 nm. The inset shows the normalised variation of ellipticity at 220 nm.
Furthermore, the thermal stability of the peptide was assayed by performing denaturation -renaturation cycles. Non-irradiated or irradiated headpiece samples were thermally denatured and renatured in the cell of the dichrograph : from 4°C, the temperature was raised to 74°C with a 2°C/min gradient, and then decreased with the same rate. The CD signal intensity was recorded at 220 nm every 0.2°C. To determine the fraction of native headpiece at each temperature, the native and denatured states were defined as follows: the 4°C conformation of the non-irradiated headpiece was considered as the native one and the 74°C conformation, as the denatured one. Figure 2 shows the denaturation curves of a nonirradiated and a 700 Gy irradiated sample. Whereas the denaturation of the non-irradiated headpiece was completely reversible, this was not the case for the irradiated protein. Indeed, only 50 % of the fraction of a 700 Gy irradiated headpiece sample was structured before denaturation and this value falls to 30% after the denaturation -renaturation cycle. Moreover the thermal stability of the sample is lowered since the T m decreases upon irradiation from 43.5°C to 40°C.
Fluorescence study of the state of the tyrosine residues
The destruction of the tyrosine side-chains (tyrosines 7, 12, 17 and 47) upon irradiation was followed by the decrease of intrinsic fluorescence of the peptide. In the absence of other aromatic residues, intrinsic fluorescence is exclusively due to tyrosines. The headpiece was irradiated in solution within the dose range 0-2000 Gy (λ excitation = 275 nm, and emission spectra recorded from 280 to 350 nm). As shown in Figure 3A , the fluorescence of the headpiece decreases with increasing dose, without any change in the shape of the spectra.
This decrease shows that tyrosine residues are degraded. Moreover, the evolution of the intrinsic fluorescence cannot be fitted with a simple exponential curve, which suggests that one or several tyrosine residues may be degraded faster than others.
Formation of dityrosines was observed by fluorescence measurements of the same samples using λ excitation = 320 nm. Emission spectra were recorded from 360 to 490 nm). Figure 3B shows the increase of fluorescence intensity in the dityrosine emission band.
Calculated relative probabilities of the headpiece residues reaction with OH radicals .
The RADACK model was used to determine the probability, for each residue, to react with hydroxyl radicals during irradiation. The location of the most reactive amino acids (Tyr, Met, His, Arg) in the three-dimensional structure (1LQC from PDB) is shown in Figure 4A , whereas in Figure 4B , Smoluchowski's spheres are attributed to the reactive hydrogen atoms of the amino acids (RADACK representation). The largest spheres correspond to Tyr residues. According to RADACK calculations some residues have a higher probability than others to be damaged during radiolysis ( Figure 4C ). The difference of values for the four Tyr residues reflects the influence of structure which modulates solvent accessibility and thus, probability of reaction with OH radicals. The reactions of OH radicals with the protein have an 88% relative probability to occur on the side chains and only 12% on the peptide backbone, because of the low accessibility of the reactive sites on the backbone in the compact structure of the headpiece.
Study of the irradiated headpiece by mass spectrometry
Mass spectrometry (MALDI-TOF MS and ESI-IT MS) and tandem mass spectrometry (ESI-IT MS/MS) experiments were performed to follow side chain damage on the headpiece.
The headpiece was first irradiated within the dose range 0-1000 Gy and analysed by MALDI-TOF MS. The headpiece was analysed along with calibrants for accurate mass determination as shown in Figure 5A . The headpiece mass as determined from the doubly charged protein ion is 6696.9 Da (theoretical average mass 6697.6 Da, error 0.7 Da). Figure   5B shows that protein irradiation leads to the appearance of new protein species with a mass difference of 16 or 14 Da. In linear mode, the resolution was insufficient to differentiate clearly between these two types of modifications. Moreover, sodium and potassium adducts can partially obscure multiple oxidations. However, oxidation events clearly follow a dosedependant relationship: at 200 Gy, protein species with up to three events are observed, whereas at least five oxidation events are visible at 500 Gy. Each additional modification decreases the intensity of individual peaks by widening the distribution of oxidised species.
Thus at 1000 Gy, peaks are no longer resolved. The mass spectra do not show evidence of peptide backbone breakage.
Analysis of the whole headpiece doesn't allow for the identification of individual oxidised residues. In order to better localise the oxidation sites, the irradiated headpiece samples were proteolysed. We used either endoproteinase ArgC, which cleaves on the carboxylic side of Arg, or endoproteinase GluC, which cleaves on the carboxylic side of Glu It was previously shown that the denaturation of the repressor headpiece by heat or by addition of rising concentration of urea is reversible [26] [27] [28] . We have studied the thermal denaturation of the irradiated headpiece. As shown on Figure 2 , the thermal denaturation of the control non-irradiated headpiece up to 74°C is completely reversible. For the 700 Gy irradiated headpiece, the fraction of structured headpiece at 4°C is lower than that of the nonirradiated headpiece (only 50 % of the headpiece has a native-like structure). Moreover, after a denaturation -renaturation cycle, the protein doesn't recover its original conformation since only 30% of the headpiece is in a native state after cooling. Consequently, the thermal cycle results in an additional loss of structure of the irradiated headpiece. One explanation can be the following : every radiation-induced lesion does not lead to unfolding at 4°C and therefore some regions remain in a native-like metastable state. The heating of the headpiece brings these regions over an energy barrier and induces their unfolding. During cooling of the completely denatured headpiece, the energy barrier prevents these regions from recovering their initial structure.
The observed decrease of T m upon irradiation is also consistent with the radiationinduced lesions leading to a partially unfolded protein.
According to RADACK calculations, all four tyrosine residues (Tyr7, Tyr12, Tyr17 and Tyr47) of the headpiece present a high probability of reaction with OH radicals and consequently are prone to damage upon irradiation We could easily follow their degradation by fluorescence emission spectroscopy since the headpiece doesn't bear any tryptophan and phenylalanine residues and thus the intrinsic fluorescence of the protein is exclusively due to the tyrosine fluorescence. As shown in Figure 3 , tyrosine residues are indeed destroyed upon irradiation. Degradation of tyrosine can lead to the formation of dityrosine and DOPA, each of them emitting fluorescence [29] [30] [31] . The possible formation of DOPA could not be followed because its spectrum would be hidden by that of native tyrosine, but dityrosine formation was observed. The inset of Figure 3A shows that the decrease of tyrosine fluorescence intensity doesn't fit a simple exponential curve. This means that the degradation rates of the four tyrosine residues are not the same and thus one or several residues might be damaged before the other ones. The production of dityrosine follows a sigmoidal curve (Fig.   3B ). By molecular modeling, we have previously shown that the formation of dityrosine between Tyr7 and Tyr 17 (the closest to each other in the three-dimensional structure of the headpiece and belonging to the two helices of the HTH recognition motif) energetically disfavors the operator-headpiece complex [32] . However, the presence of the dityrosine adducts revealed by the fluorescence measurements was not observed in MALDI-TOF experiments. This could be explained by the presence of only a small proportion of dityrosine and of a high proportion of dityrosine-like fluorescence, such as the relatively abundant (but chemically unidentified) species reported for irradiated RNAse and lysozyme (accounting for 84% and 98% of the fluorescence, respectively) [31] .
RADACK calculation shows that not only tyrosine, but also some other amino acids have a high probability to react with hydroxyl radicals. Mass spectrometry was used to search for direct evidence of modification on all residues of the headpiece.
While MALDI-TOF analysis of intact versus oxidised protein is only semi-quantitative in our conditions, we can infer that at least 10-15 % of the protein bears one or more oxidations at 100 Gy (Figures 5 and 6 ). According to our previous results and calculations in single hit statistics conditions [15, 33] , 100 Gy are necessary to induce one or more strand breaks in 4 % of a DNA fragment of the size of the operator sequence (20 base pairs). Since the global number of damages (strand breaks and base damage) is three-fold that of strand breaks, around 12 % of the binding sequence will be damaged when DNA is irradiated with 100 Gy.
Both partners thus bear a similar number of damages. However the effect on binding seems different: at this dose damage to the repressor directly affects complex formation, whereas damage to operator DNA has no effect [12] . A quantitative comparison is nevertheless not straightforward. Not only will damage to the headpiece lead to the destruction of the complex, Tyr7. According to RADACK, the probability of damage of Tyr 7 is much higher than that of Met1. The oxidation in the Tyr12-Ser16 region point towards damage of Tyr12. The oxidation in Ala13-Arg22 region may correspond to the oxidation of Tyr17. The oxidation of Val23-Glu44, without any oxidation in Val23-Glu36 is consistent with an oxidation of Met42.
In the Leu45-Arg51 region, although Arg51 may contribute, according to RADACK the strongest oxidation is likely to be localised at Tyr47. In the Val23-Arg51 peptide, two of the three observed oxidations can thus be due to oxidation of Met42 and Tyr47. The third oxidised residue can be His29, Arg35 or Arg51. No positive evidence is available to unambiguously decide between these three possibilities. Table 2 Until now, radiation-induced damage of proteins has been successfully used as a tool for probing protein structure and interactions in cases where three-dimensional structure of the protein or of protein complexes is not available [34] [35] [36] . Here we have shown that a combination of analytical methods can be used to determine the radiation-induced damage of a DNA-binding protein with a known structure.
Our results reveal alterations of a protein upon irradiation and show that its loss of function is correlated with conformational changes and chemical modifications. The damage to the protein is one of the initial radiation-induced events, which under the influence of the cellular environment and after processing by cellular mechanisms, are involved in the deleterious effects of ionising radiation in vivo.
In the cell a DNA-binding protein is not only in the presence of its partner DNA sequence, but also in the presence of many other molecules. These can act as radioprotectors by scavenging OH radicals, by shielding the target residues, and by chemical repair. They can, however, also act as radiosensitisers. All molecules, even radioprotectors, are attacked by the OH radicals, and reactive radicals are formed on them. These secondary radicals will inflict additional damage on the protein [37] . Thus, for a dose where an isolated protein in solution is only slightly damaged, in vivo the same protein could sustain much more damage if the radiosensitisation overcomes the protection. The overall effect is a sum of all radioprotective and radiosensitising effects. In addition, protein oxidation leads to reduced proteasome-mediated degradation, accumulation of unfolded protein and a number of other phenomena which contribute to amplify the effect of the initial damage at the cellular level.
Interestingly, in spite of the complexity of the cellular environment, doses inducing measurable damage to the repressor headpiece in our in vitro study are in the same range as those affecting whole E. coli cells survival. For instance, a dose of 100 Gy that induces the oxidation of about 10% of the headpiece reduces the survival of wild-type E. coli by 10-20 % [38] . While we cannot conclude on a direct relationship between the damage to the repressor molecule and the reduced survival of E. coli due to the complexity of the in vivo system, the idea that dysfunction of the lactose operon possibly contributes to the fitness or viability of the bacteria is intriguing.
Conclusion
Upon irradiation the lactose repressor loses its ability to bind the operator DNA. This is most probably due to damage to its DNA binding domain, the headpiece. We have shown here that this domain undergoes a radiation-induced conformational change due to the damage (mainly oxidation) of amino acids. At 4°C, some regions lose their helical structure, whereas others are in a metastable state. The oxidation occurs gradually with increasing dose, starting with the amino acids presenting the highest accessibility and the highest reactivity toward OH radicals. By confronting the experimental results with RADACK prediction we conclude that Possibilities and limitations of a joint infrared and circular dichroism study. Eur J Biochem.
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Figures titles and legends Spectra annotations reflect b n and y n ions as well internal ions labelled "i".
Oxidised species are topped with an asterisk (b n * and y n * ions) The sequence is annotated once for each fragmentation site irrespective of the number of observed charge states for the fragment. For clarity, internal ions were not reported on the sequence and are listed in Table1. Tyr12-Ser16 1 Tyr12
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